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We report a new measurement of the neutron lifetime using ultra-cold neutrons stored 
in a magneto-gravitational trap made of permanent magnets. Neutrons surviving in the trap 
after fixed storage times have been counted and the trap losses have continuously been mon-
itored during storage by detecting neutrons leaking from the trap. The value of the neutron 
lifetime resulting from this measurement is n = (878.3±1.9) s. It is the most precise meas-
urement of the neutron lifetime obtained with magnetically stored neutrons. 
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Precision measurements of the neutron lifetime pro-
vide stringent tests of the standard electroweak model 
[1] as well as crucial inputs for Big-Bang nucleosyn-
thesis (BBN) calculations [2]. When combined with 
measurements of other neutron beta decay correla-
tion coefficients [1], the neutron lifetime enables the 
determination of the Vud element of the Cabbibo-Koba-
yashi-Maskawa quark mixing matrix, providing a com-
plementary unitarity test to that obtained from super-
allowed nuclear beta decay [3]. The neutron lifetime is 
also one of the key parameters for the determination 
of yields of light elements in BBN since the ratio be-
tween the free neutron and proton abundances drives 
the extent of fusion reactions during the first few 
minutes of the Universe [2]. 
The present world average value of the neutron life-
time as quoted by the Particle Data Group (PDG), 
n = (880.3±1.1) s [4], is dominated by results ob-
tained using ultra-cold neutrons (UCN) in material 
bottles. These results, and in particular the most pre-
cise of them [5], appear to be systematically lower 
than results obtained using a neutron beam and 
counting trapped protons following neutron decay [6]. 
A detailed discussion of the experimental methods 
and results can be found in Ref. [7]. 
The large discrepancy between the results indicates 
that all systematic effects are not fully under control. 
The importance of the neutron lifetime in particle 
physics and cosmology calls for alternative measuring 
techniques, with high sensitivity but other potential 
sources of systematic effects. We report here a new 
measurement of the neutron lifetime using UCN 
stored in a magneto-gravitational trap made of per-
manent magnets. 
The repulsive force resulting from the interaction 
between the neutron magnetic moment and a mag-
netic field gradient can be used for the confinement of 
neutrons provided their energies are sufficiently low 
[8]. This has been incorporated for the measurement 
of the neutron lifetime in various configurations, the 
most successful having been a sextupole storage ring [9], 
leading to n = (877±10) s, an Ioffe-Pritchard three di-
mensional trap leading to a storage time S = (833−63
+74) s 
[10], and an asymmetric Halbach array trap, with a storage 
time S = (860±19) s [11]. 
The experimental setup used in the present measure-
ment (Fig. 1) was operated at one of the beam posi-
tions of the UCN source PF2 at the Institut Laue-Lange-
vin (ILL) in Grenoble. It comprises five main parts: a 
lift to fill the trap; the magnetic trap; a solenoidal mag-
net with a yoke; an outer coil around the magnetic 
trap; and the UCN detector. The central element of the 
setup is the magneto-gravitational trap made of NdFeB 
permanent magnets sandwiched between FeCo poles to 
generate twenty-poles. The trap is a vertical cylinder 
open at the top with a conical lower part open at the 
bottom. The central magnetic field generated by the 
poles is horizontal and the field gradient near the mag-
net surfaces is about 2 T/cm when moving toward the 
vertical axis of the trap. The trap is wrapped with an ex-
ternal coil to eliminate zero field regions in the trap vol-
ume. The magnets surfaces were covered with Fomblin 
grease (UT18 type) in order to reflect those neutrons 
which are not repelled by the magnetic field gradient 
and hit the magnet surfaces. Other technical details 
about the trap properties and design have been re-
ported elsewhere [12,13]. 
A crucial aspect for the storage of UCN in magnetic 
traps is the filling of the trap. In previous experiments 
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with this trap, the filling was performed from the bot-
tom [12,13] through the magnetic shutter. This 
method suffers from serious shortcomings since neu-
trons are accelerated by the magnetic field gradient 
produced by the shutter. For the measurements pre-
sented here, a cylindrical lift located above the trap was 
used (Fig. 1). The cylinder is made of aluminum and its 
inner surfaces were covered with Fomblin grease. A 
disk of polyethylene was mounted inside the cylinder 
at an adjustable height to absorb UCN with energies 
above a given cut-off. The bottom cup of the lift can be 
separated from the cylindrical part for filling and emp-
tying the lift volume. Below the trap, the solenoid is 
used as a fast magnetic shutter to close and open the 
trap. The counting of UCN is performed with a 3He de-
tector, located 47 cm below the magnetic shutter, hav-
ing a 100 µm thick aluminum entrance window. The 
lift and the trap are contained inside a vacuum cham-
ber where the typical pressure was 1.2×10-4 Pa. 
 
FIG. 1: Vertical section of the experimental setup showing 
the main parts: the lift (while being filled), the magneto-
gravitational trap, the solenoidal magnetic shutter with its 
yoke, the outer solenoid coil and the UCN detector. 
 
At any stage during a cycle, neutrons escaping the 
trap can be monitored with the 3He detector. Since the 
UCN are initially unpolarized, half of them cannot be 
stored after filling and escape through the bottom to-
wards the detector. This provides a unique possibility 
to measure the number of UCN at the beginning of 
each filling. During the experiment the neutrons de-
tected during the first 120 s were used for monitoring 
and data normalization. Other details about the trap 
filling sequence, including the conditions required to 
avoid heating of the neutrons, have been reported 
elsewhere [14]. Once the trap was filled, neutrons 
were stored for fixed storage times, after which the 
magnetic shutter was switched off to count the neu-
trons remaining in the trap. The neutrons were 
counted during “emptying” intervals of fixed duration. 
The background was then measured before starting a 
new cycle. In the measurements reported here, the 
counting of neutrons was integrated over 1 s time bins. 
There are two possible sources of UCN losses in 
magneto-gravitational traps namely, the losses due to 
the flip of the neutron magnetic moment relative to 
the direction of the magnetic field and the losses due 
to the up-scattering of UCNs by the residual gas in the 
chamber. In this setup, UCNs that have the magnetic 
moment flipped during storage cannot be reflected by 
the magnetic barrier of the shutter. They will eventu-
ally reach the walls and either be reflected, captured 
or up-scattered. Those which are reflected will, after 
some collisions, fall down through the shutter aper-
ture towards the detector. 
After reaching equilibrium, the number of trapped 
neutrons, NT(t), and the number spin flipped neutrons 
that leaked and were detected, NL(t), can be described 
by the following set of differential equations 
?̇?𝑇(𝑡) = −𝜆𝑛𝑁𝑇(𝑡) − 𝜆𝑆𝐹𝑁𝑇(𝑡)               (1) 
?̇?𝐿(𝑡) = 𝜖𝜆𝑆𝐹𝑁𝑇(𝑡)                                     (2) 
where n and SF are respectively the neutron decay 
constant and the spin-flip constant and ϵ is the prob-
ability for a neutron to leave the trap after its spin has 
flipped. These equations assume that the time to exit 
the trap for spin-flipped neutrons is much smaller 
than the neutron lifetime. Assuming that the value for 
ϵ is constant, one can solve these equations for the de-
cay constants 
𝜆𝑛 = 𝜆𝑆 − 𝜆𝑆𝐹 =  𝜆𝑆(1 − 𝛼𝑆𝐹)            (3) 
where S is the storage constant and SF is the correc-
tion associated to spin-flip. With the initial conditions, 
NT(0)=N0 and NL(0)=0, one gets, after a storage time 
T, 
𝜆𝑆 =
1
𝑇
ln [
𝑁0
𝑁𝑇(𝑇)
]                          (4) 
and 
𝛼𝑆𝐹 =
1
𝜖
⋅
𝑁𝐿(𝑇)
𝑁0 − 𝑁𝑇(𝑇)
                      (5) 
One can see from Eq. (5) that the sensitivity of the 
correction SF to the collection efficiency of the spin-
flipped neutrons, ϵ, is driven by a ratio which is sup-
pressed for  𝑁𝐿(𝑇) ≪ 𝑁0 − 𝑁𝑇(𝑇) . In other words, 
when the leaks are small, the precision requirements 
on the collection efficiency become also weaker. 
Two campaigns of measurements, referred to below 
as runs A and B, have been carried out with the mag-
3 
netic trap described above. The duration of each cam-
paign was a full 50 days cycle of the ILL reactor. 
For run A, the aperture of the UCN guide inside the 
magnetic shutter was ∅20 mm. The outer solenoid 
was here used to eliminate zero field regions in the 
trap but not to induce the forced spin-flip. Due to the 
size of the magnetic shutter aperture, the time to re-
move the fast UCNs from the trap, referred to as 
“cleaning time”, was of the order of 1200 s. The longer 
cycles resulted then in a loss of statistical sensitivity. 
A specific sequence was therefore set up to power the 
magnetic shutter after filling, in order to reduce the 
cleaning time. After moving down the lift inside the 
trap, the magnetic shutter was powered for 250 s with 
low current to produce a reduced magnetic barrier, 
and then powered to full current. An additional 100 s 
waiting interval was adopted before the first empty-
ing such as to clean the neutrons that were acceler-
ated by the increase of magnetic field. Once the shut-
ter was fully powered, the magnetic trapping was so 
efficient that the average rate of leaking neutrons was 
a factor of 1.4 larger than the background rate of 
2.50(5)×10-3 s-1. The duration of the emptying win-
dow was 250 s. Background measurements were 
taken after each empting during 150 s. Following 
carefully checks of the cleaning conditions, the refer-
ence time was selected at t0=400 s after closing the 
magnetic shutter. Neutrons counted at tS=1300 s after 
closing the shutter result in a storage time T=900 s 
relative to the reference time. The storage time de-
duced from these measurements was 
𝜏𝑆 = 1/𝜆𝑆 = (874.6 ± 1.7)  s.                    (6) 
This is consistent with the value obtained previously 
when filling the trap from the bottom [13] but a factor 
of about 10 more precise. 
For run B the aperture of the UCN guide in the mag-
netic shutter was ∅60 mm and the outer solenoid was 
here sometimes used to induce a forced spin-flip. 
When the forced spin-flip was applied, it produced a 
small permanent artificial leak during the cycle. The 
setting of the forced spin-flip was chosen so that the 
net (after background subtraction) average rate of 
UCNs leaking between 600 s to 2200 s storage times 
was 1.01(2)×10-2 s-1. In run B, the magnetic shutter 
was fully powered after the 64th second from the be-
ginning of the trap filling sequence [14]. The duration 
of the emptying interval was here 100 s. 
A unique powerful feature of this experiment is the 
possibility to directly measure the neutron spin-flip 
losses in Eq. (3) from a determination of the collection 
efficiency of the spin-flipped neutrons. This has been 
described in detail in Ref. [14]. If r0(t) [resp. r1(t)] des-
ignates the rate of neutrons detected when the forced 
spin-flip was OFF (resp. ON), then the collection effi-
ciency can be expressed as a ratio, between rate dif-
ferences, taking into account the neutron decay. For a 
cycle with an emptying time ts, a reference time t0 and 
a duration T for the emptying interval, we have [14]  
𝜖 =
𝑁𝑆𝐹1(𝑡𝑆)
𝑁𝑆𝐹2(𝑡𝑆)
                                          (7) 
where 
𝑁𝑆𝐹1(𝑡𝑆) = ∑ [𝑟1(𝑡𝑖) − 𝑟0(𝑡𝑖)]𝑒
𝜆𝑛(𝑡𝑖− 𝑡0)
𝑡𝑠
𝑡𝑖=𝑡0
     (8) 
is the number of neutrons that got their spin flipped 
during the storage interval and 
𝑁𝑆𝐹2(𝑡𝑆) = ∑ [𝑟0(𝑡𝑖) − 𝑟1(𝑡𝑖)]𝑒
𝜆𝑛(𝑡𝑖− 𝑡0)
𝑡𝑠+Δ𝑇
𝑡𝑖=𝑡𝑠+1
    (9) 
is the number of spin-flipped neutrons which are 
missing when the trap is emptied. Detailed checks of 
the cleaning conditions have been performed here as 
well. The application of the procedure above for a time 
ts=1800 s after closing the shutter, with T=100 s and 
t0=300 s resulted in ϵ=0.90(2) [14]. A more precise 
value was obtained from measurements with ts=1000, 
1300 and 1800 s, ϵ=0.903(7). However, such a preci-
sion is not required when the level of leaks in Eq. (5) 
is small, as was the case during run A. 
As mentioned above, the cleaning time for trapped 
neutrons was significantly different for runs A and B. 
The situation is however diametrically opposite for 
spin-flipped neutrons because these are very quickly 
drained out from the trap. With the value of ϵ meas-
ured from run B it is then possible to calculate the 
spin-flip correction SF, Eq. (5), to obtain the neutron 
lifetime. The result extracted using data from runs A 
and B is 
𝜏𝑛 = (878.3 ± 1.9) s                         (10) 
where the error is purely statistical. 
Equation (1) does not take into account UCN losses 
due to up-scattering with the residual gas. In order to 
estimate the effect of the residual gas, the dependence 
of the number of stored neutrons with the pressure, p, 
inside the trap volume was measured (Fig. 2). In the 
presence of losses due to the residual gas, the number 
of trapped UCN as a function of time becomes  
𝑁𝑇(𝑡) = 𝑁0 𝑒
−(𝜆𝑆+ 𝜆𝑝𝑝)𝑡                     (11) 
For a storage time of 2200 s, it was obtained that 𝜆𝑝 =
0.15(4) (s·torr)-1. This means that, a relative variation 
of 10-3 on n ≈ S ≈ 1.1×10-3 s-1 corresponds to a pres-
sure level of 10-5 torr. During the experiments, the 
pressure in the volume of the magnetic trap was of the 
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order of 1.1×10-6 torr. 
 
 
FIG. 2. Variation of the number of UCN after a storage time 
of 2200 s as a function of the pressure of the residual gas. 
 
As already mentioned, the surfaces of the trap mag-
nets were covered with Fomblin grease. In a separate 
measurement, the partial pressure of Fomblin vapor 
was investigated with a quadruple mass spectrometer 
[15]. It was shown that, at the pressure used during 
the measurements, the partial pressure of Fomblin va-
por is at the level of 2×10-9 torr and its effect can be 
neglected at the current level of precision. 
No systematic effect has been found at the present 
level of precision. The result quoted in Eq.(10) is the 
most precise measurement of the neutron lifetime us-
ing magnetically stored ultra-cold neutrons. Figure 3 
shows the values of the neutron lifetime included by 
the PDG in the current average [4]. The filled squares 
are from experiments with neutron beams, the filled 
circles were obtained with traps, and the open circle is 
the value from this work. The present result is con-
sistent with the current PDG average, which includes 
a scale factor of 1.9, and with previous results ob-
tained using stored UCNs but is at variance with the 
result obtained using a neutron beam [6]. 
 
 
FIG. 3. Comparison of the value for the neutron lifetime ob-
tained from this work (open circle) with the values included 
in the current PDG average (filled squares and circles). The 
dotted lines indicate the ±1 limits of the current average. 
See Ref. [4] for details. 
 
A high precision measurement using the technique 
of magnetically trapped UCNs is feasible. A new mag-
netic trap made of permanent magnets, with a 9 times 
larger volume, is presently under construction by our 
collaboration in order to reach at precision level of 
0.3 s. 
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